The southern pine beetle, Dendroctonus frontalis Zimmermann (Coleoptera: Curculionidae: Scolytinae) utilizes a multi-component aggregation pheromone to mediate mass-attacks and thereby colonize otherwise unsusceptible trees. Females produce the attractant frontalin and a synergist, trans-verbenol. We investigated trans-verbenol to determine whether enantiomeric composition, airborne concentration, and possibly other factors might affect its biological activity. Newly-emerged females from Mississippi populations produced 54-87% of the (−)-enantiomer; females initiating galleries in logs produced lower amounts and a wider range of enantiomeric ratios [12-92% (−)]. Coupled gas chromatography-electroantennographic detection (GC-EAD) studies did not suggest large differences in the concentration threshold of olfaction for the two enantiomers. We examined the effect of adding trans-verbenol to traps located outside infested areas and baited with components of the aggregation attractant. Male attraction was similarly increased by lures with 3, 81, or 98% of the (−)-enantiomer of trans-verbenol, whereas females preferred 81 over 3%. When release rate of 81% (−)-trans-verbenol in traps was varied across three orders of magnitude (0.3, 3, and 30 mg/d), the data suggested a positive dose-response trend. A high release (i.e., 2-5 g/d) device of hostodor alpha-pinene had a much stronger enhancing effect on trap catches than a trans-verbenol device (~30 mg/d), and trans-verbenol did not further enhance attraction when alpha-pinene was present. Our results suggest that the weak attraction-enhancing activity of trans-verbenol reported previously cannot be improved by adjusting the enantiomeric composition or release rate of lures, and furthermore there are no anticipated benefits of adding trans-verbenol to the D. frontalis monitoring lure.
odors are present. It has been hypothesized that trans-verbenol released by females initially arriving on the host acts as a synergist for frontalin prior to beetle penetration of the living host tissue and release of odors from injured host tissue (Renwick and Vité 1969) .
During the past three decades, D. frontalis population levels and the likelihood of imminent outbreaks have been assessed within the southeastern United States with attractant-baited traps systematically deployed each spring (Billings 2011) . Numbers of D. frontalis trapped and ratios of its catches to those of a major predator, Thanasimus dubius F. (Coleoptera: Cleridae) are used in a formula for forecasting outbreaks (Billings 2011) . The trapping lure has consisted of frontalin released with a high-rate of host volatiles (e.g., distilled pine oleoresin [turpentine] , alpha-pinene alone, or a mixture of alpha-and beta-pinene) (Renwick and Vité 1969 , Billings 1985 , Billings 2011 . Recently, the male-produced pheromone component, endo-brevicomin, has been incorporated into this lure to enhance its potency and capacity to detect low population levels of D. frontalis (Sullivan 2016) . Although trapping studies have suggested that they might be interchangeable, host odor components rather than trans-verbenol have been utilized in the operational D. frontalis lure because of the lower cost of the former (Billings 1988 , Sullivan 2011 . Furthermore, the attraction enhancement possible with host odors [1-2 orders of magnitude (Billings 1985 , Sullivan et al. 2007 , Sullivan 2016 ] greatly exceeds that reported for trans-verbenol [about 2.5-fold (Payne et al. 1978) ].
trans-Verbenol has not received sufficient investigation for its potential to modify behavior of D. frontalis and possibly further enhance the operational D. frontalis lure. Quantitative and statistically analyzed data on the attractive synergism of trans-verbenol have been available from merely a single study (Payne et al. 1978) . However, numerous variables are known to alter the observed behavioral activity of bark beetle (subfamily Scolytinae) semiochemicals in the field, and none have been investigated with trans-verbenol and D. frontalis. Attractive activity of individual bark beetle semiochemicals can be masked partially or entirely by: 1) presentation of the inappropriate enantiomer or enantiomeric ratio (Wood et al. 1976 , Vité et al. 1985 , Hobson et al. 1993 , Seybold 1993 ; 2) insufficient or excessive release rate (Erbilgin et al. 2003 , Miller et al. 2005 , Erbilgin et al. 2007 , Njihia et al. 2014 ; or 3) presence of other sources of the semiochemical in the environment, including those in adjacent traps and infested trees (Sullivan and Mori 2009 , Miller and Crowe 2018 . We hypothesized that trans-verbenol might be a more potent attractant synergist for D. frontalis than realized. We therefore investigated: 1) evidence for enantiomeric specificity in trans-verbenol (i.e., differences in production, olfactory sensitivity, and behavioral responses to lures); 2) the effect of trans-verbenol release rate on attractive synergism of lures; and 3) whether greater synergism than that reported previously might be observed under conditions that reduce potential interference from extraneous sources of semiochemicals (i.e., with wide spacing among traps and between traps and infested trees). This final issue was considered because close spacing of traps and trap proximity to infestations was shown to conceal the strong synergistic activity of another D. frontalis pheromone component, endo-brevicomin Mori 2009, Sullivan et al. 2011) . The experiments in Payne et al. (1978) were performed within active D. frontalis infestations and with closely spaced traps, and it is possible that their results were impacted by semiochemical cross-interference that may have occurred. Furthermore, the traps that are deployed operationally for monitoring D. frontalis populations are spaced widely and away from infestations (Billings 2011) ; thus lure tests with traps deployed similarly are expected to better reflect the effect that would result from including trans-verbenol in the operational D. frontalis lure. We likewise examined the effect of trans-verbenol lures on responses of T. dubius, since changes in attraction of this species would impact the data used for forecasting D. frontalis outbreaks.
Materials and Methods

Variability in Enantiomeric Composition of transVerbenol Produced by D. frontalis Females
Data on production of trans-verbenol enantiomers by D. frontalis females that was collected during a previously reported study (Sullivan 2005) are presented for the first time here. In summary, volatiles produced by female D. frontalis originating in Mississippi, were collected from individuals confined inside glass vials with Super Q adsorbent (Alltech, Deerfield, IL) for 16-20 h, and the combined pentane extracts of the adsorbent and beetle hindgut were analyzed by coupled gas chromatography-mass spectrometry (GC-MS) with an enantioselective capillary column. Samples were analyzed from either individuals who had emerged <3 d previously from naturally infested logs of Pinus taeda L. (n = 31) or beetles from the same pool introduced singly to a newly cut bolt from a healthy P. taeda and allowed to feed/mine for 1 d (n = 34).
Olfactory Responses of D. frontalis to transVerbenol Enantiomers
We generated dose-response curves for voltages generated by antennae of both sexes of D. frontalis exposed to the (+)-and (−)-enantiomers of trans-verbenol by using a coupled gas chromatograph-electroantennographic detector (GC-EAD) fitted with enantioselective columns. Use of a chiral column in the GC-EAD provided complete separation of enantiomers and thus insured that measured antennal responses were to a single enantiomer. Assayed beetles had emerged from infested P. taeda collected in the Homochitto National Forest, MS, and had been housed <4 d under refrigeration in plastic enclosures with moistened paper towel. One antenna from each beetle was exposed to a single concentration (within a series of six dilutions differing by successive orders of magnitude, presented in random order) of each trans-verbenol enantiomer injected into the GC-EAD in combination with a second olfactory simulant (endo-brevicomin) included in a fixed concentration as a reference standard. Two different chiral columns with different phases were found to completely separate enantiomers of trans-verbenol but reverse the elution order. Dose-response curves were generated from only the first-eluting enantiomer on each column since response to the second-eluting enantiomer exhibited loss in amplitude apparently due to habituation by exposure to the first. We thus used a beta-DEX 120 column for generating the (−)-trans-verbenol doseresponse curve and a gamma-DEX 225 column for (+)-trans-verbenol. Both columns (Supelco, Bellefonte, PA) were 30 m × 0.25 mm × 0.25 μm film thickness, and the GC oven was programed for continuous rise of 5°/min from 60°. Samples were injected with a 1/20 split ratio. The source of trans-verbenol used for dilutions on either column was either predominantly (+) or (−), respectively (PheroTech, Delta, BC; 96% purity; 99% (−)-enantiomer; or Chem Samples Co., Trenton, NJ; 93% purity; 68% (+)-enantiomer]. Generally, four beetles of each sex were tested with each dilution. The GC-EAD apparatus description and general operation are described in Asaro et al. (2004) , and antennal preparation procedures for D. frontalis in Sullivan (2005) .
Raw voltage responses of antennae to trans-verbenol were normalized against the response to the internal standard and an EAG standard (an air puff from a Pasteur pipette containing 10 µl of 0.01% endo-brevicomin in mineral oil; delivered at both the start and end of each run) for compensating for variation in preparation quality and decline in antennal responsiveness during each run (Sullivan et al. 2007 ). Methodology for calculating the peak concentration of trans-verbenol in the air delivered over the antennal preparation (i.e., the stimulus concentration) is described in Sullivan et al. (2007) . Mean responses for each sex were not significantly different at each concentration (t-tests, α = 0.05), so data by sex were pooled for further analysis and presentation. If a significant proportion of the analyses possessed a response amplitude greater than the 90th percentile of the background noise level (binomial probabilities test, α = 0.05) then the response was classed as nonrandom and considered evidence of genuine electrophysiological sensitivity to the compound at the tested concentration (Sullivan et al. 2007) . Statistical contrasts between the results with the two enantiomers were omitted because data for each enantiomer were collected separately (i.e., no randomization of subjects between treatments).
Trap Lure Comparison Tests (Experiments 1-3): General Procedures
Twelve-unit, multiple-funnel traps (Synergy Semiochemicals, Burnaby, BC, Canada) were deployed in uninfested, mixed hardwood/pine stands in the Sandy Creek Wildlife Management Area of the Homochitto National Forest, MS (31.43° N, 91.19° W) . Traps were suspended from 1.3-cm diam. steel pipes with the catch collection cups located 1-1.5 m above the ground. Each collection cup contained 200-300 ml of a 1:3 mixture of propylene glycol and water to retain and preserve captured insects. Traps were spaced >200 m apart, >30 m from any road or other large canopy opening, and >20 m from the nearest susceptible pine. A 100 m radius of each trap was checked at least weekly to confirm absence of D. frontalis-infested pines. All experiments were conducted with a similar design: Groups of adjacent traps equal in number to the lure treatments were designated as statistical 'blocks' and treatments were assigned randomly to traps within each block. Catches were collected periodically (3-12 d intervals) and, concurrent with each collection, treatments were re-randomized without replacement among the traps (lures were moved while traps remained stationary). This method of re-randomizing lures has been shown not to cause contamination of the plastic traps in bark beetle trapping bioassays (Fettig et al. 2006) . The experiment was terminated after every treatment had been at each trap position for a single interval. The design thus resembled that of a multiple Latin squares experiment in which traps within blocks represented columns, and lure rotations (= catch collection dates) at each trap represented rows of each square.
Catches of D. frontalis were sexed by examining the pronotal callus of females and the frontal groove of males (Wood 1982) . Traps in all experiments were invariably baited with a baseline attractant lure consisting of frontalin (BASF, Florham Park, NJ; racemic; >99% purity; release rate 7 mg/d @ 26 ± 1°C) and endo-brevicomin (Synergy Semiochemicals, Burnaby, BC, Canada; racemic; 91% purity [lure also included 5% exo-brevicomin]; release rate 0.16 mg/d @ 24 ± 2°C). The frontalin device was a single, closed 400 µl-capacity LDPE microcentrifuge tube filled half-way with liquid and attached to the fourth funnel from the trap bottom. The endo-brevicomin device was a vertically oriented, 32 mm-long, 1.17 mm i.d. glass capillary, heat-sealed at the lower end with 20 mm depth of liquid; the capillary was secured inside an inverted, open 4 ml-capacity brown glass vial. This device was suspended from a plastic pole and deployed 4 m east of the trap and 1.5 m above the ground. Spatial displacement of the endo-brevicomin lure horizontally from the trap has been shown to significantly increase D. frontalis catches (Sullivan and Mori 2009; W. P. Shepherd and B. T. Sullivan, unpublished data). Lures for the trans-verbenol treatments are described in Table 1 . Experiments were performed in spring during the annual D. frontalis dispersal flight. Catch numbers were normalized to catches per day and transformed to meet test requirements of homoscedasticity and normality, and the specific transformation used was selected based on examination of test residuals. All tests had α = 0.05, and all-pairwise contrasts received a Tukey-Kramer adjustment unless otherwise noted.
Trapping Experiment 1: Enantiomers of trans-Verbenol
We tested whether response of D. frontalis to lure component trans-verbenol was influenced by its enantiomeric composition. The four treatments were: (1) no additional device (check); or trans-verbenol with a (+):(−) ratio of (2) 97:3, (3) 19:81, or (4) 2:98.
Additional enantiomeric ratios were not tested due to an insufficient supply of pure enantiomers. The test was performed from 28 April to 3 May 2016. Catches of D. frontalis were square root transformed and analyzed with a mixed-model ANOVA (PROC MIXED) with fixed factors: treatment, date, sex, treatment*sex, and date*-sex; and random factors: trap, treatment*date*trap, and sex*trap (SAS Institute 2012). All pairwise differences among treatments Devices were constructed from two sheets of 4 mil low-density polyethylene. These were heat-sealed on three sides to form a pouch into which a similarly-sized piece of filter paper was inserted. The pouch was then filled with the liquid trans-verbenol, and then the fourth side was sealed to complete the enclosure. within sex received a Bonferroni adjustment. Catches of T. dubius were square root transformed and analyzed with a mixed-model ANOVA with fixed factor treatment and random factors trap and date.
Trapping Experiment 2: Dose-Response
We tested whether adjustment of the release rate of trans-verbenol might alter its activity. Treatments were (1) no additional lure; trans-verbenol released at relatively (2) (5) alpha-pinene at a rate approximately similar to the 'high' rate of trans-verbenol (i.e., 61 ± 8 mg/d at 23 ± 2°C). The lure for alphapinene [Sigma-Aldrich, Milwaukee, WI; >97% purity; ~20% (+)] consisted of a 4 ml-capacity LDPE transfer pipette bulb filled with liquid and heat-sealed shut. The test was performed 1-19 April 2017. A treatment*sex interaction was not found by an ANOVA on square-root transformed D. frontalis catches, so sexes were pooled, and total D. frontalis and T. dubius catch data were cube-root transformed and analyzed separately with mixed-model ANOVAs with treatment as the fixed effect, and trap and date as random factors. A contrast statement (SAS Institute 2012) was used to test for a linear response of the cube-root transformed catches to the log trans-verbenol dose. Additionally, all-pairwise contrasts among treatments were performed with a Tukey test.
Trapping Experiment 3: Interaction of transVerbenol and alpha-Pinene Lures
To investigate whether trans-verbenol might enhance the lure used operationally for detection and monitoring of D. frontalis populations, we compared synergistic capacity of alpha-pinene devices (rate comparable to that in devices used operationally for monitoring D. frontalis populations) with devices of trans-verbenol, and we investigated possible additive effects of the two types of lures. Four treatments were tested: 1) no additional lure, 2) an alpha-pinene lure, 3) a trans-verbenol lure, or 4) both lures. The alpha-pinene device [Synergy Semiochemicals product #3069; 2-3 g/d at 27 ± 2°C; ~25% (+)-enantiomer] consisted of a sealed plastic pouch secured within an upper funnel of the trap. The test was performed from 28 April to 3 May 2016. An ANOVA on the square root transformed catches of male and female D. frontalis indicated that there was not a treatment by sex interaction and therefore sexes were pooled. Log transformed total D. frontalis and T. dubius catches were analyzed separately in mixed model ANOVAs, with the presence of either lure type and their interaction as fixed factors and trap and date as random factors.
Results
Variability in Enantiomeric Composition of transVerbenol Produced by D. frontalis Females
Recently emerged D. frontalis females produced 54-87% of the (−)-enantiomer of trans-verbenol (70.5 ± 8.4%, mean ± SD), whereas females mining alone for 1 d in loblolly pine logs produced 12-92% (−)-enantiomer (52.7 ± 21.1%, mean ± SD) (Fig. 1) . The distribution of enantiomeric ratios appeared possibly bimodal for mining females (with maxima above and below 50%) but not emerged females. Much greater quantities of trans-verbenol were isolated from emerged (3.7 ± 1.5 µg/beetle) than feeding females (0.38 ± 0.58 µg/ beetle).
Olfactory Responses of D. frontalis to transVerbenol Enantiomers
Dose-response curves for D. frontalis antennal responses were similar for (+)-and (−)-trans-verbenol (Fig. 2) . The threshold of concentration for a detectable electrophysiological response from the antenna (with data from sexes pooled) was within the range of 0.5-5 ng/l air for (−)-trans-verbenol and 6-60 ng/l air for (+)-trans-verbenol, and saturation had not yet been reached for either enantiomer (no apparent decline in slope of the curve) at the highest concentration of exposure (10-16 µg/l air). Response amplitudes (±SE) detected in D. frontalis antennae exposed to six concentrations of (+)-or (−)-trans-verbenol on a GC-EAD fitted with chiral GC columns. Responses were normalized relative to response to an internal reference standard (endo-brevicomin). Results for each enantiomer were produced with one of two chiral GC columns that reversed elution order of the enantiomers, and responses for only the first-eluting enantiomer are shown. Concentrations delivered to the antenna differed slightly for the two enantiomers because peak shape differed for the two columns.
Trapping Experiment 1: Enantiomers of trans-Verbenol
There was a significant effect of lure treatment (F = 8.0; df = 3,41; P < 0.001) and a sex*treatment interaction (F = 5.8; df = 3,41; P = 0.002) for catches of D. frontalis (Fig. 3) . Male response was significantly increased by the addition of any of the three enantiomeric ratios of trans-verbenol, but responses did not differ among the ratios (Fig. 3) . Only the 81% (−)-trans-verbenol lure significantly increased female attraction, and it was significantly more attractive than the 3% (−)-trans-verbenol lure. Catches of T. dubius also were significantly influenced by lure treatment (F = 40.4; df = 3,41; P < 0.001), with 3.0 ± 1.3, 20.3 ± 5.7, 14.6 ± 3.1, and 24.3 ± 6.6 mean ± SE clerids per trap per day captured in the check, 3% (−)-, 81% (−)-, and 98% (−)-trans-verbenol treatments, respectively. All three enantiomeric ratios of trans-verbenol significantly increased catches of T. dubius (P < 0.001), but there was no difference in their relative attractiveness (P > 0.05).
Trapping Experiment 2: Dose-Response
There was not a significant treatment*sex interaction for catches of D. frontalis (F = 2.0; df = 4,72; P = 0.11). With sexes of D. frontalis pooled, there was a significant treatment effect (F = 4.3; df = 4,72; P = 0.003), and there was also a significant linear response for cuberoot transformed catches versus log-dose level of trans-verbenol (F = 4.8; df = 1,72; P = 0.032). Both the medium and high dose levels of trans-verbenol significantly increased catches of D. frontalis relative to the check, but the lowest dose level and the alphapinene lure did not (Fig. 4A) . There was not a significant difference in catches among doses of trans-verbenol or the alpha-pinene lure (Fig. 4A ). For T. dubius there was likewise a significant treatment effect for catches (F=14.8; df=4,72; P < 0.001) and a significant linear response for cube-root transformed catches versus log-dose of trans-verbenol (F=32.6; df=1,72; P < 0.001). Only the medium and high trans-verbenol dose levels significantly increased T. dubius catches, and the high rate was significantly more attractive than the alpha-pinene lure (Fig. 4B ).
Trapping Experiment 3: Interaction of transVerbenol and alpha-Pinene Lures
Neither an interaction between sex and each lure factor (trans-verbenol, F = 0.2; df = 1,43; P = 0.66; alpha-pinene, F = 1.5; df = 1,43; P = 0.23), nor a 3-way interaction among sex and each factor (F = 0.6; df = 1,43; P = 0.80) were detected. For D. frontalis, there was a strongly significant main effect for presence of an alphapinene lure and a weak interaction for the presence of both lures (F = 6.0; df = 1,29; P = 0.020), but the main effect for presence of the trans-verbenol lure was not significant (F = 0.02; df = 1,29; P = 0.89). A significant increase in catches was not detected when trans-verbenol was added singly, nor was there a significant effect on the attractiveness of the alpha-pinene lure when trans-verbenol was added (Fig. 5) . Likewise for T. dubius, there was a significant main effect for presence of alpha-pinene (F = 29.7; df = 1,29; P < 0.001), a weak interaction for the presence of both lures (F = 6.0; df = 1,29; P = 0.021), but not a significant main effect for presence of trans-verbenol (F = 3.7; df = 1,29; P = 0.065). Thanasimus dubius attraction was increased similarly by the presence of either the alpha-pinene or trans-verbenol lures, and addition of trans-verbenol to alpha-pinene did not alter catches.
Discussion
Our results indicate that enantiomeric composition may play a role in the chemical ecology of trans-verbenol in D. frontalis. Both newly emerged and feeding females produced copious amounts of both enantiomers, and the enantiomeric ratio present in individual beetles was not strongly skewed, and in feeding beetles varied greatly (Fig. 1) . The enantiomeric ratio produced by the newly emerged females, however, always favored the (−)-enantiomer, and this agrees with previously reported data from newly emerged female D. frontalis (Grosman et al. 1997) . Differing behavioral function and activity of antipodes of Dendroctonus and other bark beetle pheromones is often accompanied by strongly skewed enantiomeric ratios in production (Wood et al. 1976 , Stewart et al. 1977 , Payne et al. 1982 , Vité et al. 1985 , Borden et al. 1987 , Pureswaran et al. 2000 , Sullivan et al. 2007 ). The previously reported Vité 1972, Sullivan et al. 2012 ) decline in quantity of trans-verbenol produced by D. frontalis females postfeeding was accompanied by a broadening of the distribution of enantiomeric ratios, with some individuals producing a strongly (+)-biased ratio. In Dendroctonus ponderosae Hopkins (Coleoptera: Curculionidae), the only member of the genus for which trans-verbenol is the major component of the aggregation pheromone, neither the quantity nor enantiomeric ratio changed substantially postfeeding (Pureswaran et al. 2000) . Dendroctonus frontalis can apparently synthesize trans-verbenol using the host resin monoterpene alpha-pinene as a precursor (Renwick et al. 1973 , Hughes 1975 , and the enantiomeric ratio of trans-verbenol produced by Dendroctonus spp. can be influenced by that of the host's alpha-pinene (Seybold and Tittiger 2003) . For example, Dendroctonus brevicomis LeConte (Coleoptera: Curculionidae) convert the (+) and (−) enantiomers of alpha-pinene to the corresponding enantiomers of trans-verbenol at similar rates (Byers 1983) . The enantiomeric composition of alpha-pinene varies among hosts for D. frontalis (Mirov 1961) , and this in turn could cause the enantiomeric ratio of produced trans-verbenol to vary depending on the host species. However, both the natal and artificially infested hosts in our study were P. taeda, a species which contains predominantly the (+)-enantiomer of alpha-pinene (Mirov 1961 , Marques et al. 2012 ; W. P. Shepherd and B. T. Sullivan, unpublished data). Hence the predominance of the (−)-enantiomer of trans-verbenol and the shift in enantiomeric ratios postfeeding suggests the enantiomeric composition of this pheromone component is not determined solely by the enantiomeric composition of the alpha-pinene to which they are exposed in the host. The divergence from the enantiomeric ratio of the host alpha-pinene could occur through enantiomer-specific enzymatic pathways for conversion of alpha-pinene to trans-verbenol or possible de novo synthesis of trans-verbenol (Gries et al. 1990 , Blomquist et al. 2010 . Regulation of the enantiomeric composition of trans-verbenol pheromone independently of the enantiomeric composition of the host's alpha-pinene would be consistent with functional specificity of the enantiomers of trans-verbenol.
The GC-EAD study did not indicate that D. frontalis have substantially greater olfactory sensitivity to one enantiomer. The data suggested that the threshold of response might be somewhat lower for the (−)-enantiomer, but due to the differing conditions of data collection and sampled cohorts of beetles, the difference should be viewed with caution. Such a difference, however, would correspond to the disproportionate production of the (−)-enantiomer. Differences in olfactory responses to enantiomers of semiochemicals commonly coincides with differences in activity and behavioral function (Payne et al. 1982 , Light 1983 , Sullivan et al. 2007 , Staeben et al. 2015 , although similar olfactory thresholds can occur for enantiomers having differing behavioral activities (Dickens 1979) . Relative to the two major aggregation pheromone components for D. frontalis, sensitivity (based on detection threshold) of D. frontalis antennae to both trans-verbenol enantiomers was similar to that of the more abundant and behaviorally active (−)-enantiomer of frontalin, but less (i.e., had a higher response threshold) than for the (+)-enantiomer of endo-brevicomin (Sullivan et al. 2007) .
Both enantiomers of trans-verbenol had attractive activity, but discrimination was evident (Fig. 3) . Male attraction appeared to be similarly enhanced by any of the three presented enantiomeric ratios of trans-verbenol, whereas females exhibited some preference for an intermediate blend of the enantiomers [81% (−)]. This latter ratio resembles the mean ratio produced by emerged D. frontalis females (discussed earlier), and the response could reflect a female preference for the conspecific female-produced ratio. Enantiomeric specificity in response to trans-verbenol has been demonstrated in other Dendroctonus. In both D. ponderosae and D. brevicomis, only the (−)-enantiomer has behavioral activity, being an attractant for the former and an attraction inhibitor in the latter species (Byers 1983 , Borden et al. 1987 . Our data suggest that adjustment of the enantiomeric ratio of trans-verbenol lures would result in minimal change in synergistic effects for males but not females.
Catches of D. frontalis appeared to increase steadily with release rate (Fig. 4A) , and results were consistent with a log-linear doseresponse. However, the very high variance in the catch data (traps often caught no beetles) demands that this interpretation be viewed cautiously; trapping at a location or time with higher D. frontalis population densities present (or for a longer interval) would presumably have increased catches. The data are nonetheless compelling evidence that reduction of the release rate below those tested elsewhere in this article and in past research (Payne et al. 1978 ; 12 mg/d) would not enhance responses. Some bark beetle pheromone components can decline in attraction and become inhibitory at higher release rates (Rudinsky 1973 , Borden et al. 1987 , Miller et al. 2005 , and, in particular, lures of the D. frontalis pheromone component endo-brevicomin reverse from being attractive to inhibitory at a release rate of approximately 10 mg/d (W. P. Shepherd and B. T. Sullivan, unpublished data). Still higher rates of trans-verbenol were not tested due to cost-imposed limits. We also did not see evidence that trans-verbenol was more attractive than alpha-pinene released at rates within the same order of magnitude.
There was no improvement of trap catches from adding a trans-verbenol device when an alpha-pinene device was already present on a trap baited with frontalin and endo-brevicomin (Fig. 5) . This finding agrees with previous reports that the two synergists of D. frontalis attraction were redundant in their activity Vité 1969, Payne et al. 1978) . Furthermore, the response to the alpha-pinene lure alone was much higher than that to the trans-verbenol lure, although this could be attributed at least in part to the ~100-fold greater release rate for alpha-pinene. However, this ratio of release of the two semiochemicals in our lure test (Fig. 5) was nonetheless smaller than that released from entrances of females initiating attacks on standing pines (>1000:1; Pureswaran and Sullivan 2012), which supports the hypothesis that once resin exudation from the host has begun following female attack, trans-verbenol becomes an irrelevant component of the aggregation pheromone (Renwick and Vité 1969) . The release rate of the alpha-pinene lure resembled that which occurs in the host-odor component lures currently used operationally for detection and monitoring of D. frontalis (W. P. Shepherd and B. T. Sullivan, unpublished data), whereas the trans-verbenol rate was near the maximum that would be economically feasible for inclusion in an operational lure. It should be noted that the alpha-pinene lure itself was releasing small amounts of trans-verbenol (based on authors' volatiles samplings of similar lures, this was as much as ~0.1%), which could have masked to at least some extent the effects of addition of a trans-verbenol device. Since alpha-pinene exposed to air spontaneously oxidizes to trans-verbenol to some extent, any alpha-pinene lure should release some trans-verbenol (Hunt et al. 1989) . Thus, within the limits of practicality at least, our data indicate that the high-rate alpha-pinene lure (and likely lures with similar rates of alpha-pinene) is the superior adjuvant of the operational D. frontalis lure.
trans-Verbenol was found to enhance attraction of the clerid predator T. dubius as much as an order of magnitude and was a more potent synergist than alpha-pinene released at a similar rate (Figs. 4 and 5) . Thanasimus dubius utilize the aggregation pheromone of D. frontalis to locate trees undergoing mass attack by D. frontalis Williamson 1970, Costa and Reeve 2011) , and might also use the pheromone at close-range to identify prey. Previous trapping studies indicated that mixtures containing frontalin and trans-verbenol were attractive to T. dubius and that trans-verbenol alone was not attractive (Dixon and Payne 1979) . However, it was not tested whether trans-verbenol could enhance T. dubius response to D. frontalis-associated attractant in traps. A flight tunnel study, however, indicated that trans-verbenol alone could be attractive to T. dubius (Mizell et al. 1984) . Our results showed that, as with D. frontalis, addition of a trans-verbenol lure to a high-rate alpha-pinene lure did not alter attraction of T. dubius, suggesting the absence of additive or synergistic effects of the two components (Fig. 5) . Unlike with D. frontalis, however, the high-rate alpha-pinene lure was not significantly more attractive than the trans-verbenol lure, and the ratio of D. frontalis to T. dubius catches was much higher when alphapinene rather than trans-verbenol was present.
Our experiments did not indicate that the operational lure for D. frontalis detection and monitoring could be improved by the inclusion of trans-verbenol, and the weak synergistic effects previously reported for lures of this pheromone component do not appear to have been an artifact of inappropriate enantiomeric composition, release rate, or deployment in locations where trans-verbenol or other semiochemicals might already be present. The merely weak attractive/synergistic effects of trans-verbenol on attracting D. frontalis to traps would seem to suggest that it is not a key component of the aggregation pheromone. However, the extraordinarily large amounts of the compound produced (Sullivan 2011 ) and the evidence suggesting accumulation of an alpha-pinene-derived, trans-verbenol precursor during preadult stages (Hughes 1975) , imply possible undiscovered but important roles for this pheromone component in D. frontalis biology. It is possible that trans-verbenol serves functions other than or in addition to aggregation such as close-range interactions of beetles on the bark, releasers of behaviors not related to taxis, or primer pheromones.
